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Abstract 
NaCl concentration can increase the flocculation of the fine-grained sediments in suspension. However, the impact of NaCl 
concentration on the process of flocculation and settling is unclear. This paper investigated the effect of NaCl concentration on 
the settling velocity of fine sediments, which kaolin is the constituent mineral of the sediment sample (D10=0.9μm; D50=2.7μm; 
D90=10.3μm). The experiments were conducted in a 1.2 meter high settling column. Experimental cases were set for different 
initial concentration of sediment (0.2, 0.5, 1.0 g·l-1) and different NaCl concentration (0, 0.2, 0.5, 1.0, 2.0 g·l-1). With respect to 
each case, water samples were collected and measured at 11 different times from 0 min to 300 min during the process of 
experiment .Settling velocities were calculated based on the time evolution of suspended sediment concentrations. The 
experimental results show the time evolution of the relative sediment concentration, which is the ratio of the concentration to the 
initial concentration, follows a hyperbolic dynamic model under the low initial sediment concentration conditions. The settling 
velocity increases with the NaCl concentration and sediment concentration. An empirical formula among the settling velocity of 
sediment, salinity and sediment concentration have been established by means of the multiple linear regression analysis. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of HIC 2016. 
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1. Introduction 
The settlement characteristics of fine sediment play an important role on the sedimentation control of reservoirs, 
environmental protection in coastal or estuary regions. It is also a fundamental parameter in numerical modelling, 
and critical for the conceptual understanding of fine sediment dynamics [1]. Different with the settling velocity of 
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the sand with larger sizes that can be obtained by using Stokes’ law, the settling velocity of fine sediment is affected 
by many factors, such as salinity [2, 3, 4], suspended sediment concentration [5], grain size [6], temperature of water 
[7], and so on. Fine suspended sediments are prone to aggregation and form flocculation network structures (flocs) 
as a result of Brownian motion, turbulence shear, and differential settling, which makes their behavior different from 
that of non-cohesive sands [8].  
Salinity is known to increase the cohesion of clay minerals, and the flocculation follows the double-layer theory 
[9]. Due to the adsorption of salt ions in the water, the surface potential of suspended sediment particles can be 
reduced. The variation of ion concentration in water will change the surface double-layer thickness of sediment 
particles. As a consequence, the decrease of the interaction force between the sediment particles will result in the 
adhesive sediment particles to form flocs [10].  
Many researchers have proposed that the response of settling velocity to salinity was not in a monotony trend, 
whereas there is a maximum-flocculation salinity or optimum responding range. Chen [11] reported the maximum-
flocculation salinities of the fine sediments in the north passage of Yangtze River estuary are 10~12 g·l-1 in flood 
season. In high salinity situation, settling particles are more easily to form flocs while it is hard in lower salinity [12].  
Some relationships between settling velocity and salinity have been established in the previous studies [2, 3]. 
However, the relationship involving the sediment concentration and salinity was rarely reported. Besides the 
sediment samples in the previous research were collected from the specific estuaries or rivers, which limits the 
applicability in more extensive scales. 
2. Materials and methods 
2.1. Sediment 
According the previous research [13], the fine-grained sediments collected from the natural rivers or estuaries are 
mixtures coexisted by fine sediment parts and organic and biological aggregation parts. For this reason, the 
flocculation of the fine-grained sediments are affected by organic and biological aggregation parts in a great extent. 
In order to remove the effect of the organic parts and explore the universal characteristics of the influence of salinity 
on the flocculation and settling process of fine sediment, industrial Kaolinite were selected as sample sediment to 
use in this paper. The constituent and physical properties were listed in Table 1. The sediment sample consists of 
clay-size particles, with diameters D10, D50 and D90 of 0.9μm, 2.7μm and 10.3μm measured by Malvern Mastersize 
Micro, listed as Figure 1. 
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Fig. 1. Grain-size distribution of the sediment sample. 
Table 1. Physical-chemical properties of the kaolinite. 
Constituent (%) Physical property  
Al2O3 44 Specific gravity (g·l-1) 2650 
SiO2 51 Shape platelets 
K2O 3.3 Cohesiveness low 
Fe2O3 and CaO <1.3 Swelling capacity low 
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2.2. Methods 
Settling experiments were conducted at the State Key Laboratory of Hydraulics and Mountain River Engineering 
(SKLH) in Chengdu, China. Plexiglas settling column of 1.2 m in height and 0.36 m in inner diameter was used in 
the experiment. At the beginning of the experiment, pre-weighed sediment and Nacl was uniformly dissolved in the 
water of the settling column, where three groups of constant initial sediment concentration were set to be 0.2, 0.5, 
and 1.0 g·l-1 and five different salinity values for each sediment concentration condition were set to be 0, 0.2, 0.5, 
1.0 and 2.0 g·l-1, respectively. The initial water depth of the water column was 1.0m. During each experiment, little 
quantity of water samples (c. 100 ±5ml) were collected at 11 different times (0, 15, 30, 60, 90, 120, 150, 180, 240 
and 300 minutes) at the collection point, where was place at 0.4m from the bottom of the settling column. 
The suspended sediment concentration of the sample was measured by the oven drying method. Firstly, the 
samples were filtrated through pre-weighed cellulose nitrate membrane filters with the pore size of 0.45μm. After 
that it was dried at 110oC for six hours and weighed in an analytical balance with ±0.1mg measuring accuracy. The 
concentration was calculated by dividing the weight of the dry residue with the volume of the sample. 
3. Results and discussion 
3.1. Growth process of sediment aggregates 
Evolution of suspended sediment concentration (C) with settling time for different salinity cases and different 
initial sediment concentration were shown in Figure 2. For all the experimental cases, no substantial decrease of 
suspended sediment concentrations and no obvious sedimentation were observed during the first 15 minutes. This 
phenomenon may be caused by the turbulence when the saline water was introduced into the experimental column 
containing sediment water [3]. For the freshwater cases (S=0), the decreases of the sediment concentration is very 
slow and exhibits a uniform settling velocity during the whole settling process. Whereas it is quite different for the 
saline water cases. A sharp decrease of sediment concentration occurs between minutes 15 and 30 in the saline water, 
and after that the decrease was slowing down. It shows that settling increases in direct relation with the increase in 
salinity and the initial sediment concentration. After 5 hours, the proportions of the initial sediment remaining in 
suspension for the initial sediment concentration of 0.2, 0.5 and 1.0 g·l-1 are 90%, 79% and 82% under the 
freshwater conditions. Whereas there are only about 30, 14 and 3% remaining for the salinity of 2.0. 
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Fig. 2. Evolution of the suspended sediment concentration (C) for different salinity cases (a) the initial sediment concentration of 0.2 g·l-1 (b) the 
initial sediment concentration of 0.5 (c) the initial sediment concentration of 1.0. 
In the study of the dynamic model of fine sediment flocculation, the first-order kinetics model was widely 
adopted and the form of this model can be described as following:  
dC dt kC     (1) 
According to analysing the experimental data collected in the Changjiang estuary, a second-order kinetics model 
was proposed [14, 15] and the form of the expression was shown as following: 
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dC dt kC  2    (2) 
where C0 and C represent the suspended sediment concentration at time 0 and t in g·l-1, k represents attenuation 
coefficient in unitless. 
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Fig. 3. Fitting results of dynamic model of sediment flocculation, expressed as an function of proportion of sediment concentration and settling 
time (min) (a) the initial sediment concentration of 0.2 g·l-1 (b) the initial sediment concentration of 0.5 (c) the initial sediment concentration of 
1.0. 
Using Equation (1) and Equation (2) to fit our experimental data, illustrated in Fig. 3. The results show that the 
second-order kinetics (solid lines in Fig. 3) is more suitably to describe the time evolution of the relative sediment 
concentration (C/C0) than the first-order kinetics (dotted line in Fig. 3) in the low initial sediment concentration 
(C0=0.2 g·l-1 and C0=0.5 g· l-1). Whereas there is an inverse situation appearing in the low initial sediment 
concentration (C0=1.0 g·l-1), which the first-order kinetics is more appropriately to fit.  
The microcosmic photos of the samples at a specific location at the time of 0, 30, 120 and 300 min were taken by 
a digital microscope, as shown in Figure 4. It can be seen that larger flocs about 30μm have formed at the time of 30 
min. Duo to the large flocs have settled in the earlier time, there are mere small flocs (less than 10μm )staying in the 
water at the time of 120 and 300min.      
    
Fig. 4. Low magnification (100 times) micrograph of the growth process of sediment aggregates˄the initial sediment concentration of 1.0 g·l-1 
and the Nacl concentration of 0.25 g·l-1˅ 
3.2. The effect of initial sediment concentration and salinity on the settling velocity 
Settling velocities were calculated based on the time-evolution method of suspended sediment concentrations as 
following: 
0s
( w C )C
t z
ww   w w    (3) 
where C is the concentration of suspended sediment in g·l-1, t is the settling time in min, ws is the settling velocity in 
mm· s-1 and z is the vertical water depth for the sample collection in mm. 
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Based on equation (3), an approximate solution was proposed by using finite difference method [3].The 
expression can be described as: 
n n n
n
s n n
C C H
w
t C
§ · ¨ ¸'© ¹
1
   (4) 
where ws
n is the settling velocity at time n in s, Cn and Cn+1 are the concentrations of suspended sediment at times n 
and n+1 in g·l-1, Hn is the height of the water depth after sample collection at time n in mm, Δtn is the time interval 
between n and n+1 in s. 
In each experiment, the settling velocities were calculated by using Eq. (4). The results of the calculated settling 
velocities of different salinity cases and initial sediment concentrations were shown in Fig. 5. The settling velocity 
for each case reaches the maximum value between minutes 15 and 30. Under the freshwater conditions (S=0), the 
maximum settling velocities for the cases with the initial sediment concentration of 0.2, 0.5 and 1.0 g·l-1 are 0.0075, 
0.0212 and 0.0088 mm·s-1, respectively. For the salt water cases, the maximum values of settling velocities increase 
with the increasing of the initial sediment concentration and salinity. For the groups of the smallest salinity (S=0.2), 
the maximum settling velocities for the cases of the initial sediment concentration of 0.2, 0.5 and 1.0 g·l-1 are 0.0345, 
0.1210 and 0.1329 mm·s-1, respectively. For the groups of the largest salinity (S=2.0), the maximum settling 
velocities increase to 0.0104, 0.2332 and 0.5037 mm·s-1. The relationship between the settling velocities and the 
suspended sediment concentration was fitted (solid lines in Fig. 5) and it was found to be similar with that of natural 
(river or estuary) fine cohesive sediment [4, 5]. The relationship was described as: 
βαsw C    (5) 
where α and β represent the fitting parameters. For saline water, α was varied from 0.20 to 2.30 and β varied from 
0.99 to 2.31. Whereas for fresh water, the value of α was varied from 0.01 to 223.78, an extremely large variation 
range depending on the initial sediment concentrations. 
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Fig. 5. Settling velocities, ws (mm·s-1) vs. suspended sediment concentration, C (g·l-1) (a) the initial sediment concentration of 0.2 g·l-1 (b) the 
initial sediment concentration of 0.5 (c) the initial sediment concentration of 1.0. 
By means of the multiple linear regression analysis, an empirical formula for the settling velocity depending on 
the salinity and sediment concentration has been established as following: 
1.1731 0.32140.4382sw C S 
  
 (6)
 
The correlation coefficient for the regression equation was 0.9955 (Fig. 6). It indicates that the established 
relationship has a good reliability.  
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Fig. 6 Comparison of the settling velocity between calculations and experimental measurements. 
3.3. Median settling velocity 
The median settling velocity, ws,50, is used to represent the settling velocity for each case of different of different 
salinity and initial sediment concentration. The median settling velocity is defined as the settling velocity for which 
50% of the sediment by weight has been settled at a higher (or lower) velocity [15, 16]. In the freshwater, due to the 
weak flocculation, the reductive proportions of the initial sediment didn’t reach 50% until the end of the experiment. 
Therefore the median settling velocities for each condition were obtained by introducing 0.5C0 into Eq. (5) and the 
result was shown in Fig. 7. For all cases in the salt water are not consistent with Stokes’ law at the given grain size 
distribution of the sediment. 
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Fig. 7 Relationship between ws,50 and salinity. 
4. Conclusion and future work 
This paper provides insight into the impact of salinity and initial sediment concentration on the settling velocity 
of fine sediment through laboratory settling column. Industrial kaolinite was used as sediment in the settling 
experiments. The image acquisition system was employed to analyze the growth process of sediment aggregates at 
different times. The result shows that formation of largest flocs appearing at 30 min. A hyperbolic dynamic model 
can appropriately fit the relationship between suspended sediment concentration and settling time under the low 
initial sediment concentration conditions (C0=0.25 g·l-1 and C0=0.5 g·l-1). Duo to ignoring the combined effect of 
sediment concentration and salinity on the flocculation, there may be a large error by using this model to describe 
the variation relationship when the initial sediment concentration increases to a certain extent. The settling velocity 
is closely related with the increase of salinity and initial sediment concentration and its positive relationship duo to 
flocculation. An empirical relationships expressing the dependence of settling velocity on suspended sediment 
concentration and salinity were established as the form of wsןaCbSc, where the parameters of a, b and c were 
obtained as 0.4382, 1.1731 and 0.3214. 
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In natural complex environment, many other factors except salinity and sediments concentration may affect the 
settling process of sediment, such as organic parts in the sediment, water temperature, wind and wave and so on. In 
order to predict the settling velocity more accurately in natural environment, the effects of more complicated factors 
on the flocculation process should be explored in the future. 
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